SUMMARY
MDA5 is an essential intracellular sensor for several viruses, including picornaviruses, and elicits antiviral interferon (IFN) responses by recognizing viral dsRNAs. MDA5 has been implicated in autoimmunity.
However, the mechanisms of how MDA5 contributes to autoimmunity remain unclear. Here we provide direct evidence that dysregulation of MDA5 caused autoimmune disorders. We established a mutant mouse line bearing MDA5 mutation by ENU mutagenesis, which spontaneously developed lupus-like autoimmune symptoms without viral infection. Inflammation was dependent on an adaptor molecule, MAVS indicating the importance of MDA5-signaling. In addition, intercrossing the mutant mice with type I IFN receptor-deficient mice ameliorated clinical manifestations. This MDA5 mutant could activate signaling in the absence of its ligand, but was paradoxically defective for ligand-and virus-induced signaling, suggesting that the mutation induces a conformational change in MDA5. These findings provide insight into the association between disorders of the innate immune system and autoimmunity. an important role in antiviral responses by recognizing pathogen-specific molecular patterns (PAMPs) derived from viral species (Beutler, 2009; Imler and Hoffmann, 2001; Kawai and Akira, 2011) at the cell surface or in endosomes. In the cytoplasm, it has been shown that viral RNAs are sensed by RIG-I-like receptors (RLRs), which consist of three family member molecules, RIG-I, MDA5 and LGP2 (Yoneyama and Fujita, 2009 ). Cytosolic DNA also activates DNA sensors such as DDX41, IFI16 and cGAS to produce type I IFN (Sun et al., 2013; Unterholzner et al., 2010; Zhang et al., 2011) .
RLRs are encoded by IFN-inducible genes and are expressed in various types of cells, including mouse embryonic fibroblasts (MEFs), dendritic cells (DCs) and macrophages. In conventional DCs (cDCs) RLRs play an essential role in antiviral defense, whereas TLRs play an essential role in plasmacytoid DCs (pDCs) for antiviral responses (Kato et al., 2005) . These sensors discriminate non-self and self nucleic acids by their molecular structure in a sequence-independent manner. For instance, RIG-I is activated by double-stranded (ds) RNA and is also known to recognize RNAs with a tri-phosphate moiety at 5' end and/or polypyrimidine (Hornung et al., 2006; Pichlmair et al., 2006; Schlee et al., 2009; Takahasi et al., 2008) . MDA5 also 5 detects dsRNA, such as poly(I;C), especially longer than 2 kbp in length (Kato et al., 2008) . Type I IFNs produced by the innate immune response, so called IFN responses, are the first line and major source of host antiviral defense.
However, there is also an implication that excessive production of type I IFNs could rather cause a predisposition to autoimmunity (Trinchieri, 2010) .
There is also a murine model in which nucleic acid accumulates within cells, leading to excessive production of type I IFNs to cause autoimmunity (Yoshida et al., 2005) . Some studies revealed the involvement of TLRs in autoimmunity. For example, TLR7 and TLR9 are important for autoantibody production in a murine model of lupus (Christensen et al., 2006) , and spontaneous gene duplication of murine TLR7 causes a predisposition to autoimmunity (Pisitkun et al., 2006) . MDA5 (encoded by IFIH1 in human) is associated with specific autoimmune diseases. A genome-wide association study (GWAS) revealed that single nucleotide polymorphisms (SNPs) of IFIH1 (E627* and I923V), that are supposed to be a loss-of-function mutations (Shigemoto et al, 2009) , are significantly associated with resistance to type 1 diabetes (Nejentsev et al., 2009) . In amyopathic dermatomyositis patients, anti-CADM140 antibodies, which could potentially target MDA5, were detected in patients' sera (Nakashima et al., 2010) . These findings imply a link between MDA5 and autoimmune diseases; however, the link remains to be determined and little is known about the specific mechanisms that lead to disease.
Here, we investigated the association of MDA5 with autoimmunity in a mouse model. We found that mutant mice, harboring a single missense mutation G821S in MDA5 generated by N-ethyl-N-nitrosourea (ENU) mutagenesis, spontaneously developed lupus-like nephritis and systemic autoimmune symptoms without viral infection. Here we provide direct evidence that dysregulation of an innate immune sensor, MDA5, causes autoimmune disorders.
RESULTS
ENU mutagenesis and identification of responsible gene ENU mutagenesis and phenotype screenings were carried out as previously reported (Toki et al., 2013) . Briefly, male C57BL/6JJcl (B6) mice were treated with ENU and then mated with DBA/2JJcl (D2) females. In the process of the dominant phenotype screenings in the F1 progeny, we detected a phenodeviants showing lupus-like nephritis. The inheritance of this phenotype was confirmed in N2 progeny backcrossed to D2, and the phenotype was mapped to 1.04-megabase (Mb) region in chromosome 5 ( Figure S1A ). We conducted genomic DNA sequencing of all exons and splice sites of all genes in this region. In consequence, one single-base substitution in exon 13 of Ifih1, resulting in amino acid exchange G821S (gs) was identified ( Figure S1B ). Thus, we concluded that this mutation was responsible for the phenotype. The F1 founder was backcrossed five generation to D2, and N6 progeny were subjected to a series of analyses.
Ifih1 gs mutant mice develop spontaneous inflammation in multi-organs
Major organs in mutant mice were analyzed histologically. Among several clinical manifestations, we found that nephritis was significant and reproducible in all heterozygous (Ifih1 gs/+ ) descendants, developing from 6 to 8 weeks after birth ( Figures 1A and S1C ) . In addition to nephritis, most Ifih1 gs/+ mice with a DBA/2 background developed severe multi-organ autoimmune disease. They showed growth retardation ( Figure 1B ) and 60 % of the mutant died within 24 weeks after birth ( Figure 1C ). There was mild infiltration of polymorphonuclear leukocytes in the haired skin of the forehead ( Figure S1D ). We also found calcification in the liver, which indicates chronic inflammation ( Figure S1D ). Of note, homozygotes developed more severe inflammation and rarely survived for 4 weeks after birth (data not shown). In the affected kidney, deposition of immunoglobulin and complement was observed ( Figure 1D ). Anti-nuclear antibodies (ANA) and anti-double-stranded (ds)-DNA antibodies were detected in the sera of Ifih1 gs/+ mice ( Figure 1E ). Ifih1 gs/+ mice developed hyperimmunoglobulinemia of all tested immunoglobulin classes ( Figure 1F ). These pathological and serological features were consistent with lupus-like nephritis. In the kidney, production of inflammatory cytokines and chemokines including IFN-, IL-6, CXCL10, Isg56 and TNF- was significantly upregulated ( Figure 1G ).
Up-regulation of IFN- and IL-6 in systemic organs was observed ( Figure   S1E ), suggesting that chronic inflammation occurred in multiple organs, including the kidney of Ifih1 gs/+ , although nephritis was especially evident.
Consistent with the upregulation of IFN in multi-organs, increased mRNA of RLRs as well as protein was detected (Figures S1F and S1G) . In summary, the mice exhibit continued upregulation of IFN and IFN-stimulated genes in multiple organs.
Intrinsically activated DCs and macrophages are possible sources of chronic inflammation MDA5 protein is ubiquitously expressed in multi-organs and various types of cells, including non-immune cells such as fibroblasts, and immune cells including DCs and macrophages. Abnormal function of innate immune cells are considered predisposing factors for systemic lupus erythematosus (SLE) as they produce robust type I IFNs as well as activating adaptive immune system to trigger autoimmunity (Liu and Davidson, 2012) . To determine which cell types are responsible for systemic inflammation, we analyzed spleen cells by flow cytometry. Ifih1 gs/+ mice, both cDCs (CD11c hi B220 lo ) and pDCs (CD11c int B220 hi ) as well as macrophages (CD11b hi F4/80 int ) were increased in numbers and their cell surface marker, CD86, was upregulated (Figures 2A and 2B) , suggesting that these DCs and macrophages are activated. Next, we sorted these cells and examined the induced amount of type I IFN and Cxcl10 ( Figure 2C ) as well as IL-6 ( Figure S2A ). As we expected, marked upregulation of these genes was detected in DCs and macrophages, whereas no upregulation was observed in T and B cells. Of note, when cDCs and macrophages were differentiated from bone marrow cells in the presence of GM-CSF, IFN induction and slight upregulation of CD86 were clearly observed ( Figure 2D and data not shown), suggesting that DCs and macrophages in Ifih1 gs/+ mice are activated intrinsically as well as through a bystander activation. Next we examined other cell types, including T cells and B cells. The ratio of T cells and B cells was normal in Ifih1 gs/+ splenocytes ( Figure S2B ). Effector (CD44 hi CD62L lo ) and memory (CD44 hi CD62L hi ) T cells were increased whereas naïve T (CD44 lo CD62L hi ) cells were decreased in Ifih1 gs/+ mice ( Figure S2C ). We detected upregulation of an activation marker CD69 in CD4 + and CD8 + T cells. Although no significant activation was observed in the B cell population by using the cell surface markers, GL7 and CD69 ( Figure S2D ), plasma cell population was slightly increased and absolute cell number was higher in Ifih1 gs/+ mice ( Figure 2E ), which could lead to augmentation of antibody production (Figures 1E and 1F) . Consistent with systemic inflammation, granulocytes were significantly increased in Ifih1 gs/+ mice ( Figures S2E and S2F ). Thus, we identified DCs and macrophages were primary source of type I IFN and inflammatory cytokines, which could induce effector T cells and plasma cells, consequently leading to antibody production.
Hematopoietic cells are involved in nephritis
To access the contribution of hematopoietic cells to the chronic inflammation, we transferred bone marrow cells by reconstituting irradiated DBA/2 wild-type (WT) mice with Ifih1 +/+ or Ifih1 gs/+ bone marrow cells ( Figure 3A ).
The mice with transferred bone marrow cells from Ifih1 gs/+ displayed nephritis ( Figure 3B ) and immunoglobulin deposition in the kidney ( Figure   3C ) beginning 6 weeks after reconstitution. In the kidney, significant induction of inflammatory cytokines was detected ( Figure 3D ). In the spleen, upregulation of CD86 in both cDCs and pDCs was observed ( Figure 3E Figure 6D ). When these MEFs were infected with NDV, efficient production of IFN- was observed due to the function of RIG-I in these cells ( Figure 6E ). Further, to clarify the response of A946T mutant, we introduced the mutant MDA5 to Ifih1 -/-MEFs with expression vector and concluded that A946T could not respond to EMCV ( Figure 6F ). These results demonstrate that although G821S and A946T mutations confer constitutive activity, they disrupt responsiveness to viral infection. Crystal structures of RIG-I suggest that free RIG-I has an open structure in which CARD is masked by interactions with helicase domain 2, thus being inactive for signaling (Kowalinski et al., 2011) . Upon binding with dsRNA, it markedly changes the conformation into a more packed structure, thereby releasing CARD. We propose a similar scenario for WT MDA5, which has an open structure with CARD masked; however, G821S mutation results in conformational change as revealed by AFM analysis.
Paradoxycally, in the response to viral infection, gs is unable to further up-regulate IFN. We propose that the gs mutation resulted in constitutive activity rather than being hypersensitive to endogenous RNA ligands. This hypothesis is supported by the observations; gs does not exhibit ATPase activity, even in the presence of dsRNA; AFM analysis revealed that purified gs protein takes distinct conformation from wild-type protein. It appears that gene induction by virus infection in WT cells is far more efficient than constitutive gene expression resulting from Ifih1 gs/+ mutation. This is possibly because WT MDA5 is efficiently activated by binding with viral dsRNA to form a fiber-like polymer to facilitate a signaling relay (Wu et al., 2013) ; however, MDA5 gs is activated without such polymerization.
Within human IFIH1 SNPs, A946T has been reported to be a risk variant for SLE (Gateva et al., 2009) . This missense mutation is implied to be a gain-of-function mutation in SLE (Robinson et al., 2011) . We found that A946T, like G821S, constitutively activated IFN signaling. In addition, MDA5 A946T takes packed structure as observed by AFM and does not exhibit ATPase activity even in the presence of dsRNA. These features resemble those of G821S. Consistent with our observation, it was reported that mutations in MDA5 helicase motif I, III and VI lead to constitutive IFN signaling with inactivation of ATPase activity (Bamming and Horvath, 2009 ). Neither sex nor litter effects were detected by ANOVA in the survival rate and histological analysis and so data from different sexes and litters were analyzed together. Mavs -/-mice were kindly provided from S. Akira (Osaka University) and Ifnar1 -/-mice were purchased from B&K Universal.
Cells, Virus and Reagents
MEFs were prepared from 12.5-13.5 embryos generated by in vitro fertilization of Ifih1 gs/+ ×Ifih1 gs/+ with a DBA/2JJcl background and cultured in Dulbecco's modified Eagle's medium (DMEM) with fetal bovine serum (FBS) and penicillin-streptomycin (100U/ml and 100μg/ml, respectively). To prepare GM-CSF-induced BMDCs, bone marrow cells were prepared from femora and tibia of 3-to 10-week-old mice. Cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100μM 2-ME, and 10 ng/ml murine GM-CSF (Peprotech). Medium was changed every 2 days.
Encephalomyocarditis virus (EMCV) was purchased from ATCC.
Histological Analysis
Tissues were fixed in 10% formalin, paraffin embedded, cut into sections (5μm) and stained with hematoxylin-eosin or Periodic acid-Schiff. To assess chimerism, we determined the abundance of WT and MDA5 mutant alleles in genomic DNA obtained from the spleen by PCR.
Plasmid Construct
The p-55 C1B Luc, pEF-BOS-FLAG MDA5 has been described previously (Shigemoto et al., 2009 ). pEF-BOS-FLAG-MDA5 G821S, A946T were constructed by introducing the mutations into pEF-BOS-FLAG MDA5 respectively using the KOD-Plus-Mutagenesis Kit (TOYOBO).
Retroviral expression
pLZR-IRES/GFP vector has been described previously (Satoh et al., 2010) . A murine WT MDA5 or MDA5 G821S cDNA was cloned into the pLZR-IRES/GFP retroviral vector. The constructs were transfected into the packaging cell line PlatE, and viral supernatants were collected 48 hours after transfection.
Measurement of IFN-β Production
Cells were infected with EMCV, NDV for the indicated period. Culture supernatants were collected and analyzed for IFN-β with an enzyme-linked immunosorbent assay (ELISA). ELISA kit for mouse IFN-β was purchased from PBL Biochemical Laboratories.
Luciferase Reporter Assay
The Dual-Luciferase Reporter Assay System (Promega) was used according to the manufacturer's instructions for luciferase assays. As an internal control, the Renilla Luciferase construct pRL-TK (Promega) was used.
Protein Purification
The cDNA encoding human WT MDA5, MDA5 G821S or A946T was inserted 
